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Introduction
Copper and copper alloys have been considered as one of the 

best refractory materials due to their highly strength, excellent 
thermal characterization, prime corrosion resistance, good wear 
resistance, as well as their less cost [1,2]. Nowadays, Aluminum 
bronze alloys and their composites are operating effectively 
in electronic projects, automobile manufacturing and military 
industries [3]. However, their poor plasticity and limited hardness 
as well as low reliability restricted their application in many 
technological fields. Actually, these alloys have serious deficiency, 
where the microstructure is unstable and their grains coarsening 
with aging especially at elevated temperature [4]. Therefore, the 
major challenge is how to develop aluminum bronze alloys without 
loss their superior mechanical characteristics and optimum 
electrical conductivity. It is well known that, the incorporation 
of Nano-sized particles (NP) is reinforcing the copper alloys and 
augmented their mechanical properties without deterioration the 
other physical properties [5]. A new age of research is emerging in 
the field of copper matrix composites (CMCs) after production the 
carbon nanotubes (CNTs) [6]. Because, the CNTs molecules have 
own especial structure where their carbon atoms bonded together  

 
by sp2 planner hybridization configuration. These chemical bonds 
have responsible to give CNTs particles the superior tensile strength, 
excellent thermal and electrical conductivity besides its distinctive 
physical properties [7,8]. Nevertheless, numerous issues still 
subsist such as inhomogeneous distribution of CNTs during mixing 
operation. Moreover, the faint wetting behavior between CNTs and 
CMCs are weakened the physical bonding which has negative effect 
on thermal stability and reduce their wear resistance [9]. 

To solve these problems, Kwon et al. succeeded to merge CNTs 
with helping of SiC which operative as mixing agent in Aluminum 
powder to obtain the uniform distribution, that lead to increase the 
hardness [10,11]. Du et al [12] reported that the mixing of Al2O3 
NP with MMCs/CNTs can be augmented the interfacial cohesion 
between CNTs and MMCs due to improve the adhesion force as 
well as decrease the contact angle between them. Cui et al [13] 
confirmed the addition of 2 wt% SiC and 11.7 wt% nickel coated 
graphite into bronze alloy improved the tribological properties 
due to the synergistic effects of reinforcements. Moreover, they 
demonstrated that, the presence of Al2O3 improved the hardness 
and wear resistance of silver-bronze composites and their friction 
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Abstract
The present research has been reinforced the aluminum bronze matrix composites (ABMCs) of weight concentration (Cu89-Al11) 

by individual and/or hybrid additions of Al2O3 and CNTs. ABMCs were fabricated via powder metallurgy technique. The physical 
properties such as density, electrical conductivity, thermal conductivity, hardness, and wear rate of the ABMCs alloys have been 
investigated. Microstructure features were discovered by utilizing SEM and EDX examination. The addition of 2 wt. % of CNTs was 
caused more refined grains and increased their uniform distribution otherwise adding of 2 wt. % Al2O3 agglomerates throughout 
the active grain boundaries. The hybrid addition of 1.0 wt. % of Al2O3 and 1.0Wt % CNTs improved the both hardness and wear 
resistance due to the physical synergistic reinforcement of them. Moreover, their good distribution at the grain boundary can form 
Zener pinning effect that restrict the grains growth of its matrix. Additionally, the addition of 2 wt.% CNTs enhanced the electrical 
and thermal conductivity of ABMCs because the CNTs creating new conductive paths in Aluminum bronze (AB) matrix.
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coefficient increased with the increase of alumina [14]. Other 
approach has been achieved to form a hybrid synthesis of TiC and 
graphite particles in order to reinforce the CMCs by utilizing the 
microwave sintering [15]. Further, a considerable decrementing in 
electrical conductivity and density was observed gained by adding 
15 wt% CNTs into Cu-Ti composite as reported in Ref. [4]. Also, 
Koppad et al revealed that the physical properties such as thermal 
and electrical conductivities after merging MWCNTs into Cu matrix 
have been reduced [16]. Unfortunately, there are little researches 
which discussed the effect of additions of CNTs and Al2O3 NP on the 
physical characteristics of ABMCs. Therefore, systematic research 
has been directed on reinforcement the Cu-11wt% Al alloy by 
different additives of single and/or hybrid concentrations of nano-
sized Al2O3 particles and Multi-wall carbon nano-tubes (CNTs). 
Furthermore, the powder metallurgy technique has been utilized 
for incorporating the desirable nano-particles to attain the best 
physical and mechanical properties. In addition, the fabricated 
specimens were researched to reveal their different physical 
properties like mechanical and electrical characteristics.

Experimental work 
Raw Materials

Table 1: The characteristic of materials are used in this research.

Materials Shape Size Purity % Source of 
materials 

Copper Powder 70 mm 99.8 Alpha Chemika, Co.

Aluminum Powder 100 mm 99.8 Alpha Chemika, Co.

Al2O3
Nano-size 

powder 50 nm 99.99 Sigma Aldrich, Co. 

MWCNTs Nano-size 
dust

 D0 ≈ 25 
L ≈ 35 mm 95 Nanotech Egypt Co.

 

Figure 1(a): FE-SEM image of Al2O3 nano-sized particles.

Powder of Copper (Cu) and Aluminum (Al) were utilized 
as basic material to fabricate the aluminum bronze matrix 
composites (ABMCs). In addition, the ABMCs were loaded by 
CNTs and Al2O3 nano-sized particles as reinforcement substances. 

The characteristic of the starting materials that were employed 
to prepare the tested alloys were listed in Table 1. Additionally, 
(Figures 1a-b) shows FE-SEM image and X-ray diffraction pattern 
of Al2O3 nano sized particles.

Figure 1(b): XRD pattern of Al2O3 NP.

Purification of CNTs 

Figure 2(a): SEM image of purified CNTs.

Figure 2(b): TEM image of purified CNTs.
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In the beginning, the CNTs were refined by ultrasonic shaking 
them in warm water bath containing acidic aqueous solution of 
(3:1) H2SO4/HNO3 at 60°C for time of 3hr. Then the purify CNTs 
were washed and have filtered with distilled water until chemically 
neutralized (pH=7.0) and were dried in electric furnace at 50°C. 
(Figure 2a-b) exhibits the SEM and TEM images of carbon nano-
tubes (CNTs) after purification.

Powder Metallurgy Fabrication of ABMCs
A. Blending 

The initial powders of Cu and Al metals were blended in a 
weight ratio of 89 Cu: 11 Al by ball milling machine for 90 min at 
300 rpm. The anhydrous 2.0 wt % of acetone was used as binder 

medium. The mixing process was performed in stainless steel pot 
containing several small stainless-steel balls (Φ=10 mm). Then, the 
obtaining composite powders of Cu-11wt. % Al were placed in dryer 
for 60 min at 80 °C to evaporate the acetone. The similar steps were 
employed to prepare the composite powder that loaded by CNTs 
and/or Al2O3 NP. Four specimens were equipped by their weight 
as following; 89 wt.% Cu-11 wt.% Al matrix alloy (abbreviated as 
AB), 87 wt.% Cu - 11 wt.% Al - 2.0 wt.% CNTs (abbreviated as AB/
CNT), 87 wt.% Cu - 11 wt.% Al- 2.0 wt.% Al2O3 (abbreviated as 
AB/Al2O3) and 87 wt.% Cu -11 wt.% Al-1.0 wt. % CNTs -1.0 wt.% 
Al2O3 (abbreviated as AB/CNT/Al2O3).These constituent of powder 
composites alloys were recorded in Table 2. 

Table 2: Chemical composition and concentration (weight %) of studied composite alloys.

Alloys Abbreviation Cu Al Al2O3 CNTs

Cu-11.0 wt% Al AB 89.00 11.00 -- --

Cu-11.0 Al-2.0 wt% Al2O3 AB/Al2O3 87.00 11.00 2.00 --

Cu-11.0 Al-2.0 wt% CNTs AB/CNTs 87.00 11.00 -- 2.00

Cu-11.0 Al-1.0 Al2O3-1.0 wt% CNTs AB/Al2O3/CNTs 87.00 11.00 1.00 1.00

B. Compacting

In this search, powder metallurgy method was utilized to 
acquire the desired composite specimens. It is worth to note that, 
many researchers have notified a mixing of Cu powder with CNTs 
is a great challenge, since they are easily detached from each other. 
Therefore, this research suggested to an efficient method to obtain 
a good mixture by employing a chemical factor as cyclohyxane 
(C6H12) with paraffin wax as a lubricant material to lower friction 
and create appropriate medium to perform the mix process 
between CNT with the Cu/Al powder [17]. The preparing blended 
powder of plain alloy and their composites were loaded gradually 
into steel die of a cavity cylinder its inner diameter is ~ 8.0 mm and 
its height~50.0 mm. The blended powder of specimens compacted 
at pressure of 800 MPa for 90 min by utilizing the hydraulic uniaxial 
pressing machine modified with high power heater. 

C. Sintering

Sintering is the final operation to form a solid phase of ABMCs 
by heating and/or pressuring the specimens at temperature lower 
than the melting point of Cu/Al matrix. The atoms of constituent 
substance were diffused across the boundaries of the agglomeration 
particles and fuse the particles together and create one solid piece. 
Therefore, sintering specimens gain good internal strength and 
have better properties. The sintering process of virgin specimens 
was carried out in vacuum muffle furnace at 900°C for 1.5 hours 
with heating rate of 10°C/min and cooled at rate of 20°C/min, and 
then the specimens have gradually cooled to ambient temperature 
and obtain the specimens as cylindrical rods of 8 mm diameter. 
Furthermore, (Figure 3) summarized the graphical abstract for 
preparing steps and different processing that carried out to obtain 
the desired alloys.

Figure 3: Graphical abstract of powder metallurgy steps for processing the investigated ABMCs.
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Characterization and Measurements; 

To examine the microstructural features, thick discs of samples 
were equipped for polishing via employing a different sizes of 
emery papers from Silicon carbide (from 120 to 3000), then 
shinned by using micronized of diamond paste. The microstructural 
characteristics as well as the distribution of the different phases 
were investigated utilizing the field emission scanning electron 
microscopy (FE-SEM; SEM-JEOL JSM5800-LV). This apparatus was 
equipped with a unit of an energy dispersive X-ray spectrometry 
(EDX) to detect the chemical configuration of the observed different 
phases. The floating Archimedes principle was used to determine 
the actual density .( )actρ of the sintered samples according to the 
following equations [17,18]:

.( ) / ( )act air air waterW W Wρ = −                                          (1)

Where Wair and Wwater are weight of the specimen in air and pure 
liquid of toluene, respectively, Vickers hardness measurement was 
carried out at a load of 1.0 kg throughout time 15 seconds. Lecco 
Vickers hardness analyzer, Model: LV 700, USA, was used to evaluate 
average value of hardness of tested composite alloys. (Average of 
seven readings at different position was taken for each alloy). 

Pin-on-disk technique was employed to measure the wear 
behavior of ABMCs alloys. Wire cut machine was used to obtain the 
cylindrical shaped specimens of 5 mm in diameter from the tested 
composites alloys. Moreover, according to ASTM G99 standards for 
dry sliding wear test, the flat polished contact area (≈ 12.57 mm2) 
of cylindrical sample was prepared. The wear tests were performed 
at different nominal load 2, 4, 6 N with sliding speed 1.5 m/s which 
equivalent to angular speed 250 rpm and the contact length of 
sliding was kept consistent at 1000 m for each composite alloy. The 
mass of the sample was gauged before and after the test with highly 
accuracy electronic balance (0.0001g) to calculate the weight loss. 
Moreover, to obtain the accurate result of wear loss every individual 
testing was performed three times and their average value was 
calculated, then this value was considered during the calculations 
of wear rate. Further, wear volume (∆V) is calculated via Eq. (2), 
and the specific dry sliding wear rate (ψ) of the tested alloys is 
evaluated via Eq. (3) [19].

Weight lossV
density

∆ =                                                      (2)

V
p d
∆

Ψ =
×                                                                (3)

Where (P) and (d) is applied normal load (N) on pin and the 
sliding distance (m), respectively. The electrical resistivity and/or 
electric conductivity of tested alloys was measured by Motwane 
Digital Micro ohm meter (LR-2045) which is capable of measuring 
very low resistance in micro ohm as low as 0.1 μΩ. Then, the electric 
conductivity (σ) is dependent on resistance (R) of the specimen 
that was evaluated using the following formula [18,20].

L
A R

σ =
×

                                                                 (4)

Where L and A are the length between the ohmmeter terminals 
and area of measured sample, respectively. Furthermore, thermal 
conductivity (K) can be calculated theoretically via the value of (σ) 
by utilizing the Wiedemann-Franz formula [17,18]

K Tασ=                                                                           (5)

Where α  is Lorenz number (2.45 x10-8 W/Ω.k2) and T is 
temperature in Kelvin.

Results and Discussion
Microstructure Features

The study of microstructure evolution and understanding of 
the material phases are very important for increase the scientific 
knowledge and technological progress. Therefore, in this section 
the microstructural characteristics of ABMCs were described and 
discussed. (Figure 4a-b) exhibits SEM images and EDX elemental 
analysis of different motifs in sintering monolithic AB alloy. 
EDX analysis in Figure 3b confirms that light gray regions are Al 
phase and dark grey is considered as Cu phase. SEM image of the 
monolithic AB alloy in Figure 3a has revealed a little void result 
to the mutual uniform distribution of both elements. Moreover, 
grain size of Al phase is smaller than that Cu phase which lead to 
permit them to occupy or fill the empty spaces between Cu grains. 
The higher affinity between Cu and Al at temperature greater than 
120°C is main reason for forming several sorts of intermetallic 
compounds (IMCs). However, according to Cu-Al phase diagram 
which confirmed five kinds of IMCs (Al2Cu, AlCu, Al3Cu4, Al2Cu3 and 
Al4Cu9) are formed in temperature range 350-500oC [2]. Otherwise, 
microstructural examinations for all ABMCs alloys have cleared that, 
there is no IMCs was created in their matrices. (Figure 5a) exhibits 
that the adding of 2.0 wt. % Al2O3 nanoparticles has great effect 
on morphology and grains distribution of AB/Al2O3 alloy. Thence, 
approximately small grains and nearly homogeneity texture as well 
as little voids were observed. Furthermore, agglomerated shapes 
were appeared along the coarse grain boundaries. EDX elementals 
analysis in Figure 5b confirms that white dots embedded in AB 
matrix are Al2O3 agglomerated particles.

Figure 4(a): SEM image of AB alloy.
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Figure 4(b): EDX analysis and its elemental configuration 
of white and gray regions.

Figure 5(a-b): (a) SEM image of AB/Al2O3 composite alloy 
and (b) EDX analysis the elemental configuration of white 
dots.

Moreover, the (Figure 6a) depicts the microstructure of AB/
CNTs alloy. It is clear that the addition of 2 wt. % of CNTs into 
AB alloy matrix causes more refined grains and increases their 
uniform distribution. This can be attributed to the ability of Al to 

motivate the bonding creation between CNTs and Cu phase that 
play an important factor for improving the physical and mechanical 
characteristics [12,20]. Additionally, (Figure 6b) reveals the EDX 
elemental analysis of very dark black region that appear in SEM 
micrograph of sintered AB/CNTs alloy. The elemental analyses were 
confirming that 23.8 at. % of carbon phase associated with 66.61 
at. % and 8.1 at. % of copper and aluminum phase, respectively. 
This analysis indicated that CNTs covered and restricted the 
growth of AB grains which explain the reduction of their grain size. 
On other hand, the dual addition of 1 wt% Al2O3 and 1 wt% CNTs 
with AB alloy causes great positive evolution on the microstructure 
texture of AB/Al2O3/CNTs hybrid alloy as revealed in (Figure 7a). 
Notably, the hybrid composite alloy has gathered the benefits of 
both additions of Al2O3 and CNTs. Thence; the hybrid alloy has an 
excellent homogenous distribution plus fine edge grain boundary 
as well as the intrinsic voids nearly absent. In addition, some micro 
size agglomerations of Al2O3 and CNTs appeared within grains and/
or at triple joint between grain boundaries this due to the good 
mixing process between Cu, Al and the additives during blending 
and sintering process. Further, the (Figure 7b-c) exhibits the EDX 
elemental analysis of different phases that have existed in SEM 
micrograph of hybrid composite alloy.

Figure 6(a-b): (a) SEM image of AB/CNTs alloy and (b) 
EDX analysis and elemental configuration of dark motifs.
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Figure 7(a-c): (a) SEM image of AB/Al2O3/CNTs hybrid 
composite alloy and (b) EDX analysis and its elemental 
configuration of Al2O3 nanoparticles (c) EDX analysis and 
its elemental configuration of CNTs.

The Experimental and Theoretical Density

The essential factor of equipped alloys by powder metallurgy 
is the apparent density that influence on its physical and 
mechanical characteristics. Figure 8 shows the actual density 

.( )actρ of monolithic AB alloy and their composites that contain 
various kinds of reinforcement ingredients. The results have 
indicated that the values of experimental and theoretical density 

.( )therρ  are nearly closed to each other. Furthermore, the relative 
density of AB /CNTs composite alloy has slightly decreased than 
monolithic alloy and /or other composite alloys. Additionally, the 
apparent density of hybrid composite alloy was increased than that 
containing an individual addition of Al2O3 nanoparticles or CNTs. 
These results can be explained based on the difference values of 
thermal expansion coefficient (CTE) between AB matrix, CNTs and 
Al2O3 nanoparticles. On other hand, the large difference between 
the density of AB Matrix (7.56 g/cm3) and their additives (density 
of Al2O3 = 3.98 g/cm3 and CNTs = 1.8 g/cm3) lead to decrease the 
apparent density of the composite alloys [20]. On other hand, the 
increase in density of hybrid metallic composite alloy (AB/Al2O3/
CNTs) can be correlated to the merge of minor amounts of CNTs 
gives a uniform dispersion as well as the addition of Al2O3 resulting 
to improve its density due to fill up the intrinsic voids.

Figure 8a-b: (a) The actual and theoretical density and (b) 
calculated porosity of different ABMCs alloys.

Microhardness

Hardness test is widely employed in laboratory and industrial 
field as a fast and inexpensive test to obtain the value of deformation 
resistance for different materials. The hardness value of a metal 
helps to design the static mechanical properties. The microhardness 
of the investigated composite alloys was measured by Vickers 
microhardness tester and their results are depicted in Figure 9. The 
results of the hardness indicated that AB/Al2O3 as well as AB/CNTs 
alloy has a higher hardness than monolithic AB alloy. On other hand, 
the Al2O3 nanoparticles addition has more effective hardening than 
the addition of CNTs. Thence, the CNTs has low bonding behavior 

http://dx.doi.org/10.32474/MAMS.2019.02.000131
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with AB matrix due to its poor wetting with Cu element as well as 
its large surface area inhibit the motion of Cu or Al atoms during 
sintering process [18,20]. Generally, the augmentation of hardness 
after addition of Al2O3 nanoparticles and/or CNTs can be attributed 
to synergetic reinforced nature of nanoparticles as well as their 
pinning effect on the grain boundaries of AB matrix. Furthermore, 
the increase in hardness that observed after additions of CNTs 
and/or Al2O3 can be correlated to the strengthening effect of them. 
Since, the mechanical properties of CMCs are dependent on several 
factors such as

Figure 9: The hardness values of different ABMCs alloys.

(i) Physical and chemical nature of reinforcement particles, 

(ii) Dislocation density and their distribution, and 

(iii) Grain size plus their uniform distribution. 

Additionally, the thermal mismatch between different 
ingredients of CMCs leads to create strain fields which hump the 
mobility of dislocation and strengthens the CMCs matrix [21]. Thus, 
based on the rule of strengthening metallic mixtures and the higher 
hardness values of our additives (CNTs and Al2O3) we can interpret 
the improvement of hardness values of the tested alloys.

Wear Volume and Specific Wear Rate

The wear characteristics of composite alloys were examined 
by measuring their wear loss and wear rate. Figure 10a shows 
the volume wear loss of AB, AB/Al2O3, AB /CNTs, and AB /CNTs/
Al2O3 composite alloys by utilizing a dry sliding wear condition. 
These curves appear the difference in wear loss of AB alloy and 
other composite alloys against the applied load. One can observe 
that, under all loads AB alloy displayed higher wear loss than 
other metallic composite alloys. Otherwise, the AB/CNTs/Al2O3 
hybrid composite alloy exhibited lower volume wear loss than the 
other composite alloys. Moreover, it is clear that volume wear loss 
behavior of tested composite alloys is largely influenced by applied 
load and kind of the nano addition. Figure 10b shows the specific 
wear rate of the tested composite alloys as a function of different 
loads. The specific wear rate was measured to be 4.03×10-5mm3/Nm 
for monolithic AB alloy and 1.41×10-5 mm3/m for AB/CNTs/Al2O3 

hybrid composite alloy at load of 6 N. In general; the single addition 
of CNTs and/or Al2O3 nanoparticles remarkably reduced the wear 
rate and so improved the wear resistance of the composite alloys. It 
is clear that wear loss and wear rate is dramatically decreased with 
the addition of 2 wt. % Al2O3 nanoparticles and/or CNTs. This is due 
to presence of CNTs aggregates and nanoparticles of Al2O3 which are 
smeared the contact surface of counterparts of pen and counterpart 
of harden wear disk. Hence, these aggregates act as good solid 
lubricant that reduced the friction behavior [22]. On other hand 
according to the atomic bond’s theory, the aggregates of CNTs 
and Al2O3 nanoparticles have hexagonal structure and its atomic 
bonds in basal planes are very strong covalent bond, but atomic 
bonds between basal planes are weak physical Van-der-Waals 
bond. Therefore, these weak bonds are easily broken by shearing 
strength during dry sliding wear and cause the decrement in the 
value of friction coefficient and/or wear rate [23]. Furthermore, 
the reduction in wear rate is correlated with augmentation of 
hardness according to Archard rule of sliding wear that is given by 
the following equation [24]. 

PLV K
H

∆ =

Figure 10(a-b): (a)The wear volume of different ABMCs 
alloys at different loads, (b) The specific wear rate of 
different ABMCs alloys at different loads.
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Where (∆V) is loss volume during sliding wear distance (L) 
under applied normal load (P), K and H are dimensionless wear 
coefficient and hardness of material, respectively. Generally, the 

wear resistance w
HR
K

 = 
   of material is direct proportional 

with its hardness.

Electrical and Thermal Conductivity

Figure 11: The electrical and thermal conductivity of 
ABMCs alloys at room temperature (27˚C).

Figure 11 illustrates the electrical conductivity of the tested 
ABMCs alloys at room temperature (T = 23oC); the AB/Al2O3 matrix 
has showed the lowest electrical conductivity (σ) comparing 
to other alloys. This slightly decrease in (σ) can be related to 
the intrinsic properties of Al2O3 nanoparticles which has a low 
electrical conductivity [20]. Otherwise, AB/CNTs have exhibited 
highest electrical conductivity due to existence the conductive 
CNTs particles which create new conducting paths between Cu 
and Al phases. This increase may be due to unzipping the carbon 
tubes or partial fragmentation which takes places during the 
metallurgical processes of preparation at high temperatures. 
This exfoliation is resulting to the creation of nano carbon sheets 
which are considered as a perfect electrical and thermal conductor 
[8]. Moreover, the electric conductivity of AB/CNTs/Al2O3 alloy 
is nearly similar to the monolithic AB alloy but slightly decrease 
than AB/CNTs alloy. This decrement is due to Al2O3 nanoparticles 
is considered as center scattering for the charge carriers that 
lead to shortness the mean free paths of movable electrons. 
Furthermore, the thermal conductivity (K) of the investigated AB 
matrix and their metallic composites is exhibited in Figure 11. It is 
calculated based on the empirical equation as mentioned in section 
of experimental measurements. In general, the behavior of their 
thermal conductivity is dependent on the ingredient addition and 
the change in their values is simple various. Notably, the AB/Al2O3 
metallic composite alloy has revealed lower (K) value comparing 
to that of other metallic composites. This decrement in (K) can be 
correlated to the lower thermal conductivity of Al2O3 nanoparticles 
addition which is considered as insulating material (≈ 30 W/m.K). 

Additionally, Cu-Al/CNTs have displayed highest (K) due highly 
thermal conductivity of CNTs (≈ 6 ×103 W/m.K) [8,17].

Conclusion
In summary, the ABMCs reinforced by signal and/or hybrid 

additions of Al2O3 and CNTs were fabricated through powder 
metallurgy technique. Microstructure features were discovered by 
utilizing SEM and EDX examination. SEM image of the monolithic 
AB alloy contain a little void due to mutual uniform distribution of 
both elements and Al entities are occupied the empty spaces in Cu 
phase. The addition of 2 wt. % of CNTs causes more refined grains 
and increases their uniform distribution otherwise adding of Al2O3 
NP agglomerates along the coarse grain boundaries. Furthermore, 
the dual addition of Al2O3 and CNTs has great positive effect on 
microstructure texture and other properties of hybrid alloy. The 
density of AB/CNTs composite alloy has slightly decreased than 
monolithic AB alloy and other composite alloys due to the large 
difference between the density of their constituents and density of 
CNTs. This research demonstrates the Archard rule of simultaneous 
enhancement of hardness and wear rate in hybrid composite alloy, 
which are attributed to the synergistic reinforcement of CNTs and 
Al2O3 nanoparticles. Hence, The Al2O3 can act as an active mixing 
agent to improve the dispersion of CNTs during blending process. 
Furthermore, the Al2O3 and CNTs distributing at the grain boundary 
can form a Zener pinning effect to restrain the grain growth of 
composites. On other hand the single addition of CNTs has exhibited 
the highest electrical and thermal conductivity comparing to other 
AB composites alloys because the CNTs create new conducting paths 
in AB matrix. Furthermore, during the metallurgical processes may 
be occurring the unzipping of CNTs and creating nano carbon sheets 
which are considered as a perfect electrical conductor. Therefore, 
this study may shed some light on understanding the strengthening 
mechanisms and guide the rational interface design for fabricating 
ABMCs with high strength and good wear rate without decreasing 
the electrical conductivity.
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